Polaritons with anisotropic propagation along the surface of vdW materials have been predicted, caused by in-plane anisotropic structural and electronic properties 9 . In such materials, elliptic and hyperbolic in-plane polariton dispersion can be expected (for example, plasmon polaritons in black phosphorus 9 ), the latter leading to an enhanced density of optical states and ray-like directional propagation along the surface. However, observation of anisotropic polariton propagation in natural materials has so far remained elusive. Here we report anisotropic polariton propagation along the surface of α-MoO 3 , a natural vdW material. By infrared nano-imaging and nano-spectroscopy of semiconducting α-MoO 3 flakes and disks, we visualize and verify phonon polaritons with elliptic and hyperbolic in-plane dispersion, and with wavelengths (up to 60 times smaller than the corresponding photon wavelengths) comparable to those of graphene plasmon polaritons and boron nitride phonon polaritons [3] [4] [5] . From signal oscillations in real-space images we measure polariton amplitude lifetimes of 8 picoseconds, which is more than ten times larger than that of graphene plasmon polaritons at room temperature 10 . They are also a factor of about four larger than the best values so far reported for phonon polaritons in isotopically engineered boron nitride 11 and for graphene plasmon polaritons at low temperatures 12 . In-plane anisotropic and ultralow-loss polaritons in vdW materials could enable directional and strong light-matter interactions, nanoscale directional energy transfer and integrated flat optics in applications ranging from biosensing to quantum nanophotonics.
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Anisotropic optical materials exhibit numerous distinctive and non-intuitive optical phenomena such as negative refraction 13 , hyper-lensing 14 , wave-guiding 15 and enhanced quantum radiation 16 , which have been demonstrated typically with artificial hyperbolic metamaterials. However, further progress is limited by optical losses and the complexity of metamaterial fabrication 17 . The recent emergence of low-loss vdW materials opens the door to achieving anisotropic optical phenomena naturally, because their layered crystal structure leads to an intrinsic and strong out-of-plane (perpendicular to the layers) optical anisotropy 5, 18 . Prominent examples are hyperbolic phonon polaritons (PhPs)-infrared light coupled to lattice vibrations in layered polar materials-in hexagonal boron nitride (h-BN), which exhibit long lifetimes 11 , ultra-slow propagation 19 and hyper-lensing effects 20, 21 . Interestingly, when the layers of a vdW material are anisotropic (that is, when the permittivities along orthogonal in-plane directions are different), the polaritons are expected to propagate along the layers with an in-plane anisotropic dispersion 9 . When the permittivities are different but of the same sign, the polaritons possess an elliptic in-plane dispersion, in which the iso-frequency contours (slices in two-dimensional (2D) wavevector space (k x , k y ) of constant frequency ω) describe ellipsoids. When the signs are different, the polaritons possess an in-plane hyperbolic dispersion, in which the iso-frequency contours are open hyberboloids 22 . Only recently, PhPs with in-plane hyperbolic dispersion have been demonstrated by fabricating an artificial metamaterial out of h-BN flakes 23 . Theory predicts polaritons with both in-plane anisotropies even for natural materials (without any nanostructuring) that exhibit an in-plane anisotropy of their electronic or structural properties: for example, hyperbolic plasmons-light coupled to free carriers-in black phosphorus 9 or in Weyl semimetals 24 . While being expected to provide fundamental insights into exotic material properties (for example, non-reciprocal Purcell enhancement 24 ), they also bear application potential, including intrinsically non-reciprocal plasmon guiding 25 , topological transitions in 2D anisotropic plasmons 22 and directional nanoscale energy collimation 26 (for use as planar and directional light emitters with on-chip integration). However, their experimental observation and verification has so far been elusive. Here we present the first (to our knowledge) images of in-plane elliptic and hyperbolic polaritons (more precisely, PhPs) that propagate with record-length lifetimes. We found them in thin slabs of α-phase molybdenum trioxide (α-MoO 3 ), a natural vdW polar semiconductor. Phonon polaritons have been observed 27 only recently in α-MoO 3 , but their anisotropic propagation properties have not been described.
The diagrams in Fig. 1a , b show the orthorhombic crystal structure of α-MoO 3 , in which layers formed by distorted MoO 6 octahedra (Fig. 1a) are weakly bound by vdW forces 28 and all three lattice constants (a, b and c) are different (Fig. 1b) . Most importantly, α-MoO 3 has strong in-plane structural anisotropy, caused by the interlayer spacing of the (100) facet differing from that of the (001) facet by as much as 7.2%, which leads to the highly anisotropic response 29 (Supplementary Information). Indeed, the different directional vibrations of the α-MoO 3 crystal structure yield two infrared 'reststrahlen bands' (RBs) 30 between about 820 cm −1 and 1,010 cm
; in this range, the typically strong reflectivity between the transverse optical and longitudinal optical phonon frequencies (TOs and LOs, respectively) shows a large in-plane anisotropy (Supplementary Information). Thus, we can expect that in-plane anisotropic PhPs exist in this material. An optical microscopy image of the α-MoO 3 flakes and their typical Raman spectrum Letter reSeArCH are shown in Fig. 1c, d , respectively. The latter shows 30 characteristic peaks at 820 cm −1 and 996 cm −1 associated with the lattice vibrations producing the RBs of α-MoO 3 .
To explore the polaritonic response of α-MoO 3 , we performed polariton interferometry using scattering-type scanning near-field optical microscopy (s-SNOM, Fig. 2a) . A vertically oscillating metallized atomic force microscopy (AFM) tip is illuminated with p-polarized infrared light of frequency ω and field E inc while scanning an α-MoO 3 flake. Acting as an infrared antenna [3] [4] [5] , the tip concentrates the incident field at its very apex to give a nanoscale infrared spot for local probing of material properties and for exciting polaritons. The tip-scattered radiation is recorded simultaneously with topography, yielding nanoscale resolved near-field images (Methods). Specifically, the polaritons (described by the field E and wavelength λ) excited by the tip propagate away and are back-reflected at the flake edges, giving rise to interference fringes with a spacing λ/2. (Fig. 2d , left and right panels, respectively). We observe two spectral bands exhibiting a series of signal maxima (fringes). The band limits (indicated by the horizontal dashed lines) correspond to the LO and TO phonon frequencies of α-MoO 3 (denoted by LO 1 , LO 2 , TO 1 and TO 2 ) and thus reveal the upper and lower RBs (U-RB and L-RB, respectively). In the U-RB we find that the fringe spacing (corresponding to the polariton wavelength) along both the [100] and [001] directions increases with increasing frequency, indicating a negative phase velocity (analogous to PhPs in the lower type-I RB of h-BN 19 ). As in 
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For a better understanding and quantitative analysis of the anisotropic polariton propagation, we extracted the PhP dispersions, ω(k i ) (i = x, y), from monochromatic s-SNOM images (not shown) of the flake in Fig. 2b . The dispersions for both crystal directions and RBs are plotted in Fig. 2c . For the U-RB (upper panel), the PhP dispersions along both crystal directions are similar, although slightly separated from each other (that is, for the same frequency ω, we measured different wavevectors k i ). This result verifies that PhPs in the U-RB propagate with in-plane anisotropy. By plotting the complex-valued wavevector of the PhPs, we find that their phase velocity, v p,i = ω/k i , is negative along both directions, which is indicated by negative k i values. Furthermore, the remarkably small slopes of the dispersion curves (Supplementary Information) yield unprecedentedly small group velocities ), which in the future could be exploited for strong light-matter interaction experiments 31 . For the L-RB (Fig. 2c lower panel ), which is comparable to that of ultra-slow PhPs in h-BN 11 .
To quantify the anisotropy of the PhPs and to measure their isofrequency contours in wavevector space, we analyse PhP propagation along all possible directions on the flake. To that end, we fabricated disks of α-MoO 3 (Methods) and performed polariton interferometry experiments (Supplementary Information) analogous to those reported in Fig. 2 . Figure 3a , b shows typical near-field amplitude images taken at frequencies respectively in the U-RB (ω = 983 cm −1 ) and in the L-RB (ω = 893 cm ) of α-MoO 3 . In the U-RB, the interference pattern shows an elliptical shape with the largest PhP wavelength along the [001] surface direction, which continuously reduces to its smallest value along the orthogonal [100] surface direction. More strikingly, in the L-RB the interference pattern manifests as an almond shape, in which the PhPs have their largest wavelength along the [100] direction and which continuously reduces to zero until no discernible polariton propagation occurs along the orthogonal [001] direction. By Fourier transform of Fig. 3a, b , we obtain the iso-frequency contours directly. We find an ellipsoid in the U-RB (Fig. 3c) and a hyperbola in the L-RB (Fig. 3d) , revealing that the PhPs exhibit elliptic and hyperbolic dispersions, respectively. Note that Fig. 3c shows two ellipses instead of one, differing by a factor of 2 in their semi-axes. We attribute this observation to the presence of both tip-and edge-launched PhPs 32, 33 in Fig. 3a  (Supplementary Information) . On the other hand, the hyperbola in Fig. 3d opens along the [001] direction, which indicates that PhPs along this crystal direction are forbidden, thus explaining the observations in Figs. 2, 3b . 
To corroborate our experimental results theoretically, and to extract the as-yet unknown anisotropic permittivity of α-MoO 3 , we model the α-MoO 3 flake as a 2D conductivity layer of zero thickness (Methods). We find the following dispersion relation for polaritons in a thin in-plane anisotropic slab surrounded by two dielectric half-spaces with isotropic permittivities ε 1 and ε 2 (Supplementary Information): where k x,y and
2 are the in-and out-of-plane wavevectors, respectively, k 0 = 2π/λ 0 is the wavevector in free space, and α πσ = /ĉ 2ˆe ff is the normalized conductivity, introduced for convenience. Using equation (1) with α xx and α yy as fitting parameters, we obtain excellent agreement with the elliptical and hyperbolic features in Fig. 3c, d , where our fits are shown as white solid lines. Neglecting absorption, we find α xx = −0.12i (ε xx = 2.6) and α yy = −0.16i (ε yy = 3.7)
for ω = 983 cm −1 (U-RB), and α xx = 0.26i (ε xx = −6.4) and α yy = −0.07i (ε yy = 1.7) for ω = 893 cm −1 (L-RB). We corroborate the model and permittivity values by numerical simulation of near-field images of an α-MoO 3 disk on SiO 2 (Supplementary Information). We used the nominal experimental values of 144 nm and 6 µm for the disk thickness and diameter, respectively, and the anisotropic real-valued permittivities obtained from the fit described above. The imaginary parts of the permittivities and the value of ε zz (not obtained from the fit) were adjusted to obtain the best matching of the experimental images and of the sign of the phase velocities in each RB. As a result of our analysis, we find ε xx > 0, ε yy > 0 and ε zz < 0 for the elliptic U-RB, and ε xx < 0, ε yy > 0 and ε zz > 0 for the hyperbolic L-RB (Supplementary Information). The simulated polariton interferometry amplitude images are shown in Fig. 3e, f . Their excellent agreement with the experiments (Fig. 3a, b) validates both the model and the permittivity values. The results demonstrate that experimental PhP interferometry of α-MoO 3 disks and fitting of the results with our simple theoretical model allow the highly anisotropic local permittivities of α-MoO 3 to be extracted.
The conductivity tensor σ eff -and thus the wavevectors of the PhPsdepends on the slab thickness d. According to the relation between σ eff and ε (see Methods), we obtain from equation (1) the thicknessdependent anisotropic in-plane polariton wavevectors (Supplementary Information):
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In Fig. 4a , corresponding to a PhP wavelength of 180 nm. This value is 60 times smaller than λ 0 = 10.8 µm, suggesting that in-plane anisotropic propagation could be well paired with deep subwavelength-scale field confinement for the development of ultra-compact devices. The inverse dependence of k x on d is better observed in Fig. 4b , where we plot the experimental k x (red dots) obtained at ω = 902 cm −1 for four flakes of different thickness. These experimental values are well matched by our equation (2) (grey curve), where we used ε xx = −5.1 as extracted for the flake with d = 144 nm in Fig. 3 , thus strongly supporting the validity of our approximation.
A key property of polaritons for future applications is their lifetime 10, 11 . To measure it, we fitted s-SNOM amplitude line profiles along the [100] direction (blue and red crosses in Fig. 4c ) with an exponentially decaying sine-wave function corrected by the geometrical spreading factor x (Supplementary Information) 10 . From the amplitude decay length L x (one of the fitting parameters) we obtain the lifetime according to τ x = L x /v g , where the group velocity v g is taken from Fig. 2c . For the in-plane hyperbolic PhPs we obtain τ x = 1.9 ± 0.3 ps, which reveals the ultra-low-loss character of these polaritons. Surprisingly, for the in-plane elliptic PhPs we obtain τ x = 8 ± 1 ps (four times higher than that of PhPs in isotropically enriched h-BN 11 ). On some flakes we find lifetimes up to 22 ps (Supplementary Information). We note that in contrast to low-loss h-BN PhPs 11 and graphene plasmons 12 , a rather small number of fringes were observed on α-MoO 3 flakes. This can be explained by the small group velocities of the MoO 3 PhPs, which yield relatively short propagation lengths. The ultra-long PhP lifetimes are corroborated by the ultra-narrow linewidths of the α-MoO 3 Raman peaks (Supplementary Information) at 996 cm −1 and 820 cm −1 (corresponding to anisotropic bond stretching modes 30 that originate in the U-RB and L-RB, respectively), revealing very high crystal quality. A similar relation has been recently reported to explain the large lifetimes observed in isotopically enriched h-BN 11 . Max.
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In-plane anisotropic α-MoO 3 PhPs add a new member to the growing list of polaritons in vdW materials. In combination with external stimuli, such as strain, electric gating or photo-injection of carriers, we envisage active tuning of the anisotropic PhP properties. Our findings may thus establish a route to directional control of light and lightmatter interactions at the nanoscale.
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